ABSTRACT: An experiment was conducted to estimate the true ileal digestibility of P in wheat, sorghum, soybean meal, and corn distiller's dried grains with solubles (DDGS) in broiler chickens. Four semipurified diets were formulated from each ingredient (wheat and sorghum: 236.5, 473, 709.5, and 946 g/kg; soybean meal and corn DDGS: 135, 270, 405, and 540 g/kg) to contain graded concentrations of nonphytate P. The experiment was conducted as a randomized complete block design with 4 weight blocks of 16 cages each (5 birds per cage). A total of 320 21-d-old broilers (Ross 308) were assigned to the 16 test diets with 4 replicates per diet. Apparent ileal digestibility coefficients of P were determined by the indicator method and the linear regression method was used to determine the true P digestibility coefficients. The results showed that the apparent ileal P digestibility coefficients of wheat-based diets were not influenced (P > 0.05) by increasing dietary P concentrations, whereas those of diets based on sorghum, soybean meal, and corn DDGS differed (P < 0.05) at different P concentrations. Apparent ileal P digestibility in broilers fed diets with soybean meal and corn DDGS linearly (P < 0.001) increased with increasing P concentrations. True ileal P digestibility coefficients of wheat, sorghum, soybean meal, and corn DDGS were determined to be 0.464, 0.331, 0.798, and 0.727, respectively. Ileal endogenous P losses in birds fed diets with wheat, soybean meal, and corn DDGS were estimated to be 0.080, 0.609, and 0.418 g/kg DMI, respectively. In birds fed sorghum-based diets, endogenous P losses were estimated to be negative (-0.087 g/kg DMI). True digestible P contents of wheat, sorghum, soybean meal, and corn DDGS were determined to be 1. 49, 0.78, 5.16, and 5.94 g/kg, respectively. The corresponding nonphytate P contents in wheat, sorghum, soybean meal, and corn DDGS were 1.11, 0.55, 2.15, and 4.36 g/kg, respectively. These differences between digestible P and nonphytate P contents may be suggestive, at least in part, of overestimation of P digestibility under the calcium-deficient conditions used in the regression method.
INTRODUCTION
Phosphorus is a critical macronutrient for animals. In recent years, there has been a growing interest in improving the utilization of dietary P for animals due to concerns over environmental pollution through excess P excretion, depletion of nonrenewable inorganic phosphate reserves, and skyrocketing prices of inorganic phosphate feed supplements (Selle and Ravindran, 2007) . Use of a well-defined criterion for P availability can be expected to ensure greater accuracy in matching the feed formulation with dietary P requirements and reduce the excretion of P into the environment. It is recognized that the current use of different terminologies, namely available P, nonphytate P, and retainable P, to describe available P in feed ingredients leads to the overestimation of true P requirements for poultry resulting in excess P being excreted (WPSA, 2013) . Measurement of digestible P has been suggested as the preferable approach to assess P availability in poultry to minimize the P excretion into the environment (WPSA, 2013) .
A number of reports are available on the apparent or true digestibility values of P in common feed ingredients for pigs (Fan et al., 2001; Bohlke et al., 2005; Fang et al., 2007; Stein et al., 2008; Rojas et al., 2013) . In these studies, 3 approaches, namely regression analysis, the direct method, and the substitution method, have been used to estimate P digestibility. Only limited attempts have been made to determine the digestible P content in feed ingredients for poultry and 2 approaches, namely the direct method (Wu et al., 2004; Leytem et al., 2008) and regression method (Dilger and Adeola, 2006) , have been used. These experiments were performed using the test ingredient as the sole dietary source of P and Ca. In a recent study reported by Mutucumarana et al. (2014) , true retainable P and true digestible P contents of corn and canola meal for broilers were measured using the regression approach. Corresponding data for other common feed ingredients are lacking. Therefore, the objective of the present study was to determine the true ileal digestibility of P in 4 common ingredients (wheat, sorghum, soybean meal, and corn distiller's dried grains with solubles [DDGS] ) for broiler chickens.
MATERIALS AND METHODS
The experimental procedures were approved by the Massey University Ethics Committee (Palmerston North, New Zealand) and complied with the New Zealand Code of Practice for the Care and Use of Animals for Scientific Purposes.
Ingredients
Wheat, sorghum, soybean meal, and corn DDGS samples were purchased from local commercial sources and representative samples were obtained and analyzed in triplicate for DM, total P, phytate P, and Ca. Phytase activity in wheat and corn DDGS were also determined. Nonphytate P contents were calculated as the difference between total P and phytate P.
Birds
Day-old male broilers (Ross 308) from a local hatchery (Golden Commercial Hatchery, New Plymouth, New Zealand) were raised on floor pens and fed a commercial broiler starter diet (3,080 kcal/kg ME, 262 g/kg CP, 11.0 g/kg Ca, and 6.7 g/kg total P). On d 14, birds were transferred to grower cages (61 by 61 by 39 cm). On d 21, the birds were individually weighed and a total of 320 birds were assigned to 4 blocks based on BW (average weight ± SD: 921 ± 24 g, 1,015 ± 22 g, 1,091 ± 17 g, and 1,181 ± 13 g, respectively). Each block had 16 cages (5 birds per cage) and the 16 test diets were assigned to a cage within each block. The floor pens and grower cages were housed in environmentally controlled rooms.
Room temperature was maintained at 32 ± 1°C during the first week and gradually reduced to 21 ± 1°C by the end of the third week. A lighting schedule of 20:4 h light:dark was provided.
Dietary Treatments
Four semipurified diets were formulated from each of the 4 test ingredients (Tables 1 and 2 ) using the nutrient compositional values presented by the NRC (1994, 2012) . In each set of diets, the test ingredient was used as the only dietary source for P. The Ca:nonphytate P ratio was maintained in all diets at 2:1 by the addition of limestone. All diets contained 3 g/kg titanium dioxide (Merck KGaA, Darmstadt, Germany) as an indigestible marker. The diets, in mash form, were offered ad libitum from d 21 to 28 and water was freely available.
Sample Collection and Processing
Group BW and feed intake were recorded on d 21 and 28. On d 28 posthatch, birds were euthanized by intravenous injection of sodium pentobarbitone (Provet NZ Pty Ltd., Auckland, New Zealand) and the contents of the lower half of the ileum were collected (Ravindran et al., 2005) . Ileal digesta of birds were pooled within a cage, lyophilized (model 0610; Cuddon Engineering, Blenheim, New Zealand), and ground to pass through 0.5-mm sieve for the analysis of DM, total P, and titanium (Ti). Representative samples of test diets and digesta were analyzed for DM, Ca, total P, and Ti.
Chemical Analysis
Dry matter content was determined using standard procedures (method 930.15; AOAC, 2005) . Samples were ashed and P was determined colorimetrically (UV mini 1240; Shimadzu Corp., Kyoto, Japan) at 680 nm (method 968.08D; AOAC, 2005). Calcium was determined by colorimetric assay (Flexor E; Vital Scientific NV, Spankeren/Dieren, the Netherlands) following digestion with 6 M HCl to release Ca (method 968.08D; AOAC, 2005) . Titanium was determined by the colorimetric method (UV mini 1240; Shimadzu Corp.) at 410 nm as described by Short et al. (1996) . Phytate P in test ingredients was analyzed using the Megazyme kit (K-PHYT; Megazyme International Ireland, Bray, Ireland).
The analysis of phytase activity in wheat and corn DDGS was based on the method described by Engelen et al. (1994) , where the samples were incubated with sodium phytate to liberate inorganic phosphates from the substrate. One phytase unit is defined as the amount of enzyme that liberates 1 μmol inorganic P/min from 5.1 mM sodium phytate at pH 5.5 and 37°C. 
Calculations
The true ileal digestibility of test ingredients was calculated according to the procedure outlined by Dilger and Adeola (2006) . The apparent ileal digestibility coefficients (AIDC) of P of the test diets (at each level of inclusion) were first calculated using the indicator ratio:
in which AIDC is apparent ileal digestibility coefficient of P, T I is the Ti concentration in the diet, T O is the Ti concentration in the ileal digesta, P O is the P concentration in ileal digesta, and P I is the P concentration in the diet. All analyzed values were expressed as grams per kilogram of DM. Total output of P in the ileal digesta expressed as grams per kilogram of DMI was calculated from the following equation:
in which P O-DMI and P O-DMO represent the P output in the digesta on DMI and DM output bases, respectively; T I is the Ti concentration in the diet (g/kg DM); and T O is the Ti concentration in ileal digesta (g/kg DM digesta). This study was designed as a randomized complete block, with each of the 16 diets fed once within a block of 16 cages. In this manner, P outputs were regressed against dietary P contents per block of 4 cages for each ingredient using the following statistical model:
in which P O-DMI represents the P output concentration on DMI basis (dependent variable; g/kg), P I represents dietary P content on a DM basis (independent variable), TPI represents true P indigestibility, and EPL represents mean endogenous P in ileal digesta per test ingredient on DMI basis. In this equation, TPI and EPL are the slope and intercept, respectively, of a simple linear regression of P O-DMI on P I . True P indigestibility is an indirect measure of the inefficiency at which dietary P is extracted by the bird; therefore, the true P utilization coefficient (TPUC) was calculated as TPUC = 1 -(TPI).
[4]
Statistical Analysis
Data were analyzed as a randomized complete block design using the GLM procedure of SAS (SAS Inst. Inc., Cary, NC). Cage served as the experimental unit for all statistical analyzes, and differences were considered significant at an α level of 0.05. The model included block (3 df) and ingredient inclusion level (3 df). Orthogonal polynomial contrasts were used to determine the effects of graded P intake on the different parameters tested. Mean TPUC and endogenous P loss (g/kg DMI) estimates were obtained by regressing P output (g/kg DMI) against dietary P content (g/kg DM). Standard errors for true ileal P coefficients were based on total of 16 observations for each ingredient.
RESULTS
The composition of the test diets are presented in Tables 1 and 2 . Analyzed P, Ca, and phytate P contents of test ingredients, along with assumed contents used in formulations, are summarized in Table 3 .
The analyzed P concentrations of most diets were in close agreement with calculated values. Dietary concentrations of P and Ca increased with increasing inclusion levels of each ingredient. Phytase activity in wheat and corn DDGS were determined to be 421 and 666 units/ kg, respectively.
Birds remained healthy during the 7-d assay period and no leg problems were recorded. Mortality was negligible; only 5 birds out of the 320 birds died and the deaths were not related to any specific treatment. Feed intake and BW gain of birds fed diets containing graded concentrations of dietary P from wheat, sorghum, soybean meal, and corn DDGS are summarized in Table 4 . Weight loss was observed in birds fed the lowest dietary inclusion (236.5 g/kg) of wheat. Feeding diets with increasing inclusions of wheat increased the weight gain (linear, P < 0.001, and quadratic, P < 0.05) and feed intake (linear, P < 0.001). Weight loss was also observed in birds fed the first 2 inclusions levels of sorghum (236.5 and 473 g/kg). Feeding graded concentrations of sorghum linearly increased (P < 0.001) the BW gain of birds but the feed intake was not influenced (P > 0.05). Increasing dietary inclusions of soybean meal increased (linear, P < 0.001) the BW gain and feed intake of birds. Weight loss was observed in birds fed the diet with the lowest inclusion (135 g/kg) of soy- bean meal. Surprisingly, all dietary levels of corn DDGS resulted in weight loss of birds. However, the BW changes and feed intake of birds fed corn DDGS diets were not affected (P > 0.05) by dietary inclusion level. Dietary P contents and ileal P outputs in birds fed diets containing graded levels of wheat, sorghum, soybean meal, and corn DDGS are presented in Table 4 . In all ingredients, increasing dietary concentrations of P linearly (P < 0.001) increased ileal P outputs.
The AIDC of P from wheat was not affected (P > 0.05) by increasing dietary P concentrations (Table 5 ). The AIDC of P from sorghum was affected (quadratic, P < 0.001) by increasing dietary P concentrations. The AIDC of P from soybean meal (linear, P < 0.001, and quadratic, P < 0.001) and corn DDGS (linear, P < 0.001) were also affected by ingredient inclusion level.
Strong linear relationships were observed between digesta P outputs and dietary P contents for all 4 test ingredients ( Fig. 1 and 2 ). True ileal P digestibility of the test ingredients and estimated endogenous P losses are presented in Table 6 . True ileal P digestibility coefficients of wheat, sorghum, soybean meal, and corn DDGS were determined to be 0.464, 0.331, 0.798, and 0.727, respectively. Ileal endogenous P losses estimated for wheat, soybean meal, and corn DDGS were 0.080, 0.609, and 0.418 g/kg DMI, respectively. In birds fed sorghum-based diets, the endogenous P losses were determined to be negative (-0.087 g/kg DMI).
DISCUSSION
Analyzed P and phytate P contents of wheat, sorghum, soybean meal (Selle et al., 2003; Selle and Ravindran, 2007) , and corn DDGS (Min et al., 2008) were within the range reported in the literature. The analyzed dietary P concentrations in experimental diets were close to calculated values and were used for the calculation of P digestibility coefficients.
Birds fed diets containing wheat, sorghum, and soybean meal responded linearly in BW gains with increasing concentrations of P. However, weight loss was observed in birds fed with the lowest dietary inclusion level of these ingredients, which may be explained on the basis of protein deficiency. Body weight gain was highest in birds fed the diet with highest inclusion of soybean meal, which had the highest dietary protein content. Feeding diets containing all levels of corn DDGS resulted in weight loss. This observation was unexpected, because corn DDGS is a good source of protein (Świątkiewicz and Koreleski, 2008) . The observed weight losses can- Table 4 . Growth performance (d 21 to 28 posthatch), dietary P content, and total ileal P output in birds fed diets containing graded concentrations of P from wheat, sorghum, soybean meal, and corn distiller's dried grains with solubles (DDGS) for broilers 1 2 Lin = linear effect; Quad = quadratic effect.
3 BWG = BW gain.
4 FI = feed intake.
5 NS = not significant.
6 P i = dietary P content.
7 P D = ileal P output.
*P < 0.05; **P < 0.01; ***P < 0.001.
not be attributed to protein deficiency but may relate, at least in part, to the digestibility of AA. In particular, low lysine digestibility is known to be a problem in overprocessed DDGS (Stein and Shurson, 2009) . Excessive heat application during the DDGS manufacturing process favors a Maillard reaction to occur between lysine and carbohydrates moieties with the resultant reduction in lysine digestibility. Studies have shown that DDGS can be safely included in broiler diets from 120 to 150 g/ kg during both grower and finisher phases and inclusion above this level resulted in poor growth performance (Lumpkins et al., 2004; Świątkiewicz and Koreleski, 2008) . All the corn DDGS-based diets used in the present study had corn DDGS above the recommended inclusion level for growers, but this does not explain the observed weight losses. Apparent ileal P digestibility coefficients determined at different inclusion levels of wheat ranged from 0.379 to 0.466 but were not significantly different. The AIDC of P (0.466) determined at the highest inclusion level of wheat (946 g/kg) in the present study compares well with the value (0.51) reported by Wu et al. (2004) . In the latter study, AIDC of P was measured using the direct method at the dietary inclusion of 990 g/kg where wheat was used as the sole source of dietary P and Ca. It is known that the wheat possesses a high endogenous phytase activity (Eeckhout and De Paepe, 1994) . However, 2 NS = not significant. **P < 0.01; ***P < 0.001. the relatively low AIDC of P determined for wheat in the present study is not reflective of 421 units/kg phytase activity determined in this sample. It is known that wheat phytase activity is less effective than microbial phytase in the gut because of a narrower pH spectrum of activity (Sandberg et al., 1996) . Furthermore, very low pH may destroy wheat phytase and it is more susceptible to proteolytic digestion than microbial phytase (Phillippy, 1999) . It is also plausible that the presence of nonstarch polysaccharides, especially soluble arabinoxylans, may be partly responsible, as the nonstarch polysaccharides in wheat can increase digesta viscosity and reduce nutrient digestion (Choct and Annison, 1992) .
Apparent ileal P digestibility coefficients at different inclusion levels of sorghum differed, with dietary inclusion at 946 g/kg markedly reducing the digestibility. However, apparent ileal P digestibility coefficient of sorghum for broilers determined by Wu et al. (2004) using the direct method (0.36) is in close agreement with that (0.30) found in the present study at its highest inclusion level. The reasons for the low P digestibility in sorghum are not clear. Presence of tannins in sorghum is reported to form complexes with P rendering it unavailable (Waghorn et al., 1994; Mansoori and Acamovic, 1996; Medugu et al., 2012) and increase endogenous P losses (Mansoori and Acamovic, 1996) . Another possible reason may be the Ca:P ratios in sorghum-based diets. In the present study, the diets were formulated to achieve dietary Ca:nonphytate P ratio of 2:1 based on assumed values (NRC, 1994 (NRC, , 2012 , but subsequent analysis showed that the resulting Ca:nonphytate P ratio was 4.8:1. A high Ca:nonphytate P ratio would have had a suppressive effect on the digestion and absorption of inorganic soluble forms of P due to formation of insoluble Ca:P complexes in the digestive tract (Hurwitz and Bar, 1971; Plumstead et al., 2008) .
Increasing dietary inclusion of soybean meal linearly increased the AIDC of P from 0.140 to 0.627, which are lower than those reported by Dilger and Adeola (2006) for conventional soybean meal (0.712 to 0.888) and lowphytate soybean meal (0.754 to 0.889). These researchers used soybean meal as the sole dietary source of P and Ca, and low dietary Ca in their assay diets may have increased hydrolysis of phytate P in soybean meal. Liu et al. (2013) determined the P digestibility of soybean meal for broilers at different dietary Ca:P ratios (0.8, 1.2, 1.6, and 2.0) and found that apparent ileal P digestibility ranged from 0.64 to 0.90. However, the assay diets used by these researchers had casein as a baseline protein supplement. Casein also contained P, the digestibility of which was much greater than that of soybean meal , and this could have confounded the results. The AIDC of P reported for soybean meal in pigs are much lower than the current estimate and ranged from -0.248 to 0.371 (Fan et al., 2001 ), -0.267 to 0.527 (Ajakaiye et al., 2003) , 0.372 (Bohlke et al., 2005) , and 0.415 (Almeida and Stein, 2010) .
The AIDC of P for corn DDGS determined in the present study ranged from 0.395 to 0.648. No previous published data are available for the P digestibility in corn DDGS for poultry. However, in bioavailability studies with poultry, a range of relative P bioavailability coefficients from 0.54 to 1.02 (Martinez Amezcua et al., 2004; Lumpkins and Batal, 2005; Martinez Amezcua and Parsons, 2007) has been reported. In these studies, P bioavailability was estimated using KH 2 PO 4 as the standard. Apparent total tract digestibility coefficient of P for corn DDGS in pigs has been reported to range from 0.501 (Pedersen et al., 2007) and 0.686 (Almeida and Stein, 2010) .
Strong linear relationships were observed between digesta P outputs and dietary P intake for all test ingredients, which is a primary requirement for the application of regression technique and permits the theoretical estimation of diet independent endogenous P loss (g/kg DMI) and the simultaneous measurement of true P digestibility (Fan et al., 2001; Dilger and Adeola, 2006) . True ileal P digestibility of wheat, sorghum, soybean meal, and corn DDGS were determined to be 0. 464, 0.331, 0.798, and 0.727, respectively . To the authors' knowledge, true ileal P digestibility in wheat, sorghum, Table 6 . Linear relationship between ileal P outputs (g/kg DMI) vs. dietary P content (g/kg DM) of wheat, sorghum, soybean meal, and corn distiller's dried grains with solubles (DDGS) fed to broilers 1 2 Regression of ileal digesta P output (g/kg DMI) against dietary P content (g/kg DM) as determined by feeding broilers with diets containing graded levels of either wheat, sorghum, soybean meal, or corn DDGS. The slope represents true P indigestibility and the intercept represents the endogenous P loss (g/kg DMI).
3 Standard error of regression.
and corn DDGS for poultry have not been previously reported. Using the direct method, standardized total tract digestibility of P in corn DDGS for pigs has been determined in several studies, and values ranging from 0.63 to 0.73 have been reported (Widmer et al., 2007; Almeida and Stein, 2010; Baker et al., 2013) . The true ileal digestibility of P in soybean meal estimated in the present work for broilers (0.798) was considerably lower than those reported by Dilger and Adeola (2006) for conventional soybean meal (0.939) and low-phytate soybean meal (0.938). On the other hand, the present estimate was considerably greater than the values (0.458 to 0.553) reported by Liu et al. (2013) , when measured at dietary Ca:total P ratios ranging from 1.2 to 2.0. However, our estimate compared closely with the value of 0.708 reported by Liu et al. (2013) at the dietary Ca:total P ratio of 0.8. In the present study, a dietary Ca:total P ratio of 0.7 was used. It has been previously demonstrated that the utilization of dietary P was improved at narrower Ca:P ratios (Qian et al., 1997) .
Ileal endogenous P losses estimated for wheat, soybean meal, and corn DDGS were 0.080, 0.609, and 0.418 g/kg DMI, respectively. In birds fed sorghum-based diets, endogenous P losses were estimated to be negative (-0.087). The negative estimates for endogenous P losses are clearly an anomaly reflecting the inherent limitation of the regression method, where the first or last data points could markedly change the intercept and slope. It is known that mathematical errors are inherent in any extrapolation beyond the data recorded (Moughan et al., 1998) . Such negative estimates for endogenous P losses, with the regression method, have also been previously reported (Iyayi et al., 2013; Liu et al., 2013; Mutucumarana et al., 2014) .
The data summarized in Table 7 show that the P evaluation system based on nonphytate P is not reflective of digestible P contents in feed ingredients. True digestible P contents were considerably greater than the nonphytate P contents in all ingredients, suggesting that a portion of phytate-bound P is being utilized by birds. If we assume that nonphytate P in these ingredients are totally digestible, then it can be calculated that 18.1, 13.0, 69.7, and 41.5% of phytate-bound P from wheat, sorghum, soybean meal, and corn DDGS, respectively, was digested by broiler chickens. It is recognized that the ability of birds to utilize phytate-bound P in feed ingredients can vary widely, ranging from 0 to as high as 75%, and a number of factors including the dietary concentrations of Ca, P, vitamin D 3 , and fiber; solubility and location of phytate; feed processing; and age of the bird may influence phytate P hydrolysis (Ravindran et al., 1995; Angel et al., 2002) . Of these, dietary Ca is probably the most important factor. It is well documented that the utilization of phytate-bound P in broilers is increased when dietary Ca concentrations were maintained below the requirement (Ballam et al., 1984; Mohammed et al., 1991; Tamim and Angel, 2003) . Davies et al. (1970) observed that the intestinal phytase activity is more than threefold greater in chicks fed a P-deficient diet compared with those fed a P-adequate control diet. The broilers appear have an innate ability to regulate intestinal phytase activity as an adaptive response to P deficient environment and, therefore, are capable of utilizing more P from phytate-bound P at low dietary P levels. All diets used in the present experiment were P and Ca deficient and, therefore, it is likely that there may have been overestimation of the P digestibility under these conditions. The observed differences in true P digestibility and calculated phytate P degradation between the cereals (wheat and sorghum) and soybean meal in the current work is noteworthy. It is possible that the low P digestibility in cereals may be due partly to the form as well as the location (aleurone or fiber) of the phytate, whereas phytate in soybeans is in a more soluble form and evenly distributed (Selle and Ravindran, 2007) . Bohn et al. (2007) noted that the phytate in wheat was present as phytate protein globoids and resistant to degradation by phytase.
Conclusions
In the current work, the regression method was used to measure the true P digestibility of feed ingredients widely ranging in P concentrations. The true ileal P digestibility coefficients in wheat, sorghum, soybean meal, and corn DDGS were determined to be 0.464, 0.331, 0.798, and 0.727, respectively. The determined digestible P contents were markedly higher than the corresponding nonphytate P contents and this may be suggestive, at least in part, of overestimation of P digestibility under the Ca-and P-deficient conditions used in the regression method. The validity of measuring P digestibility under such deficient conditions requires further investigation and discussion. 
